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A b s t r a c t :  A  d e d ic a te d  sam p le  o f L arg e  H a d ro n  C o llid er p ro to n -p ro to n  collision d a ta  a t  
c en tre -o f-m ass  en e rg y  √ s  =  8 T eV  is used  to  s tu d y  inc lusive  single d iffrac tiv e  d isso c ia tio n , 
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tro m e te r , w hile  c h a rg ed  p a rtic le s  from  th e  d isso c ia te d  sy s tem  X  a re  m e asu red  in  th e  c e n tra l 
d e te c to r  c o m p o n en ts . T h e  fiducia l ra n g e  o f th e  m e a su re m e n t is − 4 . 0  
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1 In trodu ction
In  th e  sing le d iffrac tiv e  (SD ) d isso c ia tio n  p ro cess  in  p ro to n -p ro to n  (pp) collisions, pp  ^  X p  
(figure  1(a )) , th e  a b so lu te  v a lue  of th e  sq u a re d  fo u r-m o m e n tu m  tra n s fe r  t  is u su a lly  m uch  
sm alle r th a n  1 G e V 2, such  th a t  th e  in ta c t  f in a l-s ta te  p ro to n  is s c a tte re d  th ro u g h  a  very  
sm all ang le  o f ty p ic a lly  10 -100  p ra d . T h e  o th e r  p ro to n  d isso c ia te s  to  p ro d u c e  a  m u lti­
p a r tic le  h a d ro n ic  sy s tem  X , w hose m ass M x  c a n  reach  m a n y  h u n d re d s  o f G eV  a t  L arge  
H a d ro n  C o llider (L H C ) energ ies, w h ils t re m a in in g  in  a  reg im e w h ere  th e  fra c tio n a l en erg y  
loss of th e  in ta c t  p ro to n  £ =  M X / s  is sm all.
M easu rem en ts  of th e  SD cross sec tio n  have  b een  m ad e  a t  a  w ide  ran g e  o f energ ies [1- 4], 
m o st recen tly  a t  th e  S P S  [5 , 6], th e  T e v a tro n  [7 , 8] a n d  H E R A  [9]. T h e  p rocess is u su ­
a lly  in te rp re te d  ph en o m en o lo g ica lly  in  te rm s  o f th e  ex ch an g e  o f a  s tro n g ly  in te ra c tin g  n e t 
co lo u r-s in g le t, so m etim es re fe rred  to  as a  p o m e ro n  [10]. T h e  ra n g e  o f a p p lic a b ility  o f a 
u n iv e rsa l p o m e ro n  across to ta l ,  e la s tic , a n d  d iffrac tiv e  p rocesses h as  a  long  h is to ry  o f in ­
v e s tig a tio n . D e sp ite  th e  w e a lth  o f p rev io u s d a ta ,  p re d ic tio n s  fo r th e  SD c o n tr ib u tio n  a t  th e  
C E R N  L arg e  H a d ro n  C o llid er (L H C ) v a ry  w idely. O u r c u rre n t lack  o f c o n s tra in ts  lim its















F ig u re  1. Schematic illustrations of the  (a) single diffractive dissociation (SD), (b) double diffrac­
tive dissociation (DD) and (c) central diffraction (CD) processes. The kinem atic variables used 
to  describe the SD process (the squared four-m om entum  transfer, t, and the mass, M X , of the  
dissociated system  X ) are indicated in parentheses in (a).
th e  p rec is io n  of d ire c t m e a su re m e n ts  o f th e  to ta l  in e la s tic  p p  cross sec tio n  [11]. D iffrac tio n  
is a lso  a n  im p o r ta n t  in g re d ie n t in  u n d e rs ta n d in g  th e  low B jo rk e n -x  reg ion  of p ro to n  s tru c ­
tu re  [9] a n d  co sm ic-ray  a ir  show ers [12], a n d  it  m ay  even  b e  re la te d  to  th e  s tr in g  th e o ry  of 
g ra v ity  [13].
C ross sec tio n s re la te d  to  d iffrac tiv e  d isso c ia tio n  have b een  m easu red  usin g  e a rly  L H C  
d a ta  [14- 16] by  e x p lo itin g  th e  ‘la rg e  ra p id ity  g a p ’ s ig n a tu re  t h a t  is k in e m a tic a lly  ex p ec ted . 
W h ils t th e y  c lea rly  e s ta b lish  th e  p resen ce  o f a  la rg e  d iffrac tiv e  c o n tr ib u tio n , th e se  m ea ­
su re m e n ts  a re  n o t ab le  to  d is tin g u ish  fu lly  b e tw een  th e  SD  process, its  d o u b le  d isso c ia tio n  
(D D , p p  ^  X Y , figu re 1(b )) an a lo g u e  in  w h ich  b o th  p ro to n s  d isso c ia te , an d  th e  ta i l  of 
n o n -d iffrac tiv e  (N D ) c o n tr ib u tio n s  in  w hich  la rg e  ra p id ity  g ap s o ccu r d u e  to  ra n d o m  fluc­
tu a tio n s  in  th e  h a d ro n isa tio n  p rocess. T h e  la rg e  ra p id ity  g a p  m e a su re m e n ts  a lso  do  n o t 
offer d ire c t access to  th e  u n d e rly in g  d y n am ics  in  £ a n d  t.
T h is  p a p e r  re p o r ts  a  m e a su re m e n t o f th e  SD  process in  w hich  th e  in ta c t  f in a l-s ta te  
p ro to n  is re c o n s tru c te d , su p p re ss in g  D D  a n d  N D  c o n tr ib u tio n s  to  neg lig ib le  levels an d  
a llow ing  a  s tu d y  o f th e  cross sec tio n  d iffe ren tia lly  in  t. T h e  cross sec tio n  is a lso  m easu red  
d iffe ren tia lly  in  £ as o b ta in e d  from  th e  re c o n s tru c te d  c h a rg e d -p a rtic le  tra c k s  in  th e  A T L A S 
c e n tra l  d e te c to r  a n d  in  A n , a  v a riab le  c h a ra c te r is in g  th e  size of th e  c e n tra l  p se u d o ra p id ity  
reg ion  in  w hich  no  ch arg ed  p a rtic le s  a re  p ro d u ced .
2 E xperim en ta l cond itions
A T L A S  is a  m u ltip u rp o se  a p p a ra tu s  covering  a lm o s t th e  e n tire  solid  ang le  a ro u n d  its  L H C  
collision  p o in t [17].1 T h is  m e a su re m e n t m akes use o f th e  se n s itiv ity  o f th e  in n e r tra c k in g  
d e te c to r  (ID ) a n d  th e  m in im u m -b ia s  tr ig g e r  sc in tilla to rs  (M B T S ) to  th e  co m p o n e n ts  o f th e  
d is so c ia tin g  sy s tem  X .
1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the
centre of the detector and the z-axis along the beam-pipe. The x-axis points from the interaction point to 
the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, d) are used in the 
transverse plane, d being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of 






T h e  ID  co n sis ts  o f a  h ig h -g ra n u la r ity  silicon p ixel d e te c to r  from  w hich  th e  v e rte x  
lo c a tio n  is re c o n s tru c te d , su rro u n d e d  by  a  silicon  m ic ro s tr ip  p a r tic le  tra c k e r . T h ese  silicon 
d e te c to rs  a re  co m p lem en ted  by a  t r a n s i t io n  ra d ia tio n  tra c k e r , a n d  a re  enclosed  w ith in  a  2 T  
ax ia l m a g n e tic  field, en a b lin g  p rec ise  c h a rg e d -p a rtic le  tra c k in g  in  th e  ra n g e  |n | <  2.5. T h e  
M B T S  d e te c to rs  a re  m o u n te d  on  th e  fro n t faces of th e  c a lo r im e te r  en d cap s  on  b o th  sides 
o f th e  in te ra c tio n  p o in t a n d  cover th e  p se u d o ra p id ity  ran g e  2.1 <  |n | <  3.8. T h e y  co nsist 
o f tw o  co n cen tric  d iscs o f sc in tilla tin g  tiles , each  seg m en ted  in  a z im u th  in to  e ig h t co u n te rs .
T h e  A L FA  fo rw ard  p ro to n  s p e c tro m e te r  [18] co n sis ts  o f v e rtic a lly  o rie n te d  ‘R o m a n  
p o t s ta t io n ’ in se rtio n s  to  th e  b e a m -p ip e  a t  237 m  an d  241 m  from  th e  in te ra c tio n  p o in t 
o n  b o th  sides o f A T L A S, h o u sin g  m ovab le  sc in tilla tin g  fib re  d e te c to rs . A t each  s ta tio n , 
d e te c to rs  a p p ro a c h  th e  b eam  from  above  a n d  below  (i.e. in  th e  y d ire c tio n ) . T h e re  are  
th u s  fo u r ‘a rm le ts ’, each  o f w hich  co n sis ts  of a  p a ir  of d e te c to rs  e ith e r  above  o r  below  th e  
b e a m  o n  one side of th e  in te ra c tio n  p o in t, from  w hich  p ro to n  tra c k s  c a n  be  re c o n s tru c te d . 
T h e  m a in  d e te c to rs  co n sis t of 20 layers o f 64 fib res each , a r ra n g e d  in  10 o v erlap p in g  p a irs  
in  tw o  p e rp e n d ic u la r  (u , v) o r ie n ta tio n s  a t  45° to  th e  (x ,y )  c o o rd in a te s , read  o u t by  an  
a r ra y  o f m u lti-a n o d e  p h o to m u ltip lie r  tu b e s . T h ese  m a in  d e te c to rs  a re  su p p le m e n te d  by 
sc in tilla tin g  tiles , w h ich  p ro v id e  tr ig g e r  signals. F o r th e  ru n  s tu d ie d , th e  in n e rm o s t p a r ts  
o f th e  sen sitiv e  d e te c to rs  w ere p laced  a t  9 .5 a  o f th e  b eam  envelope, co rre sp o n d in g  to  7.5 m m  
from  th e  b eam  cen tre .
T h e  d a ta  sam p le  used  in  th is  an a ly s is  w as ta k e n  d u rin g  a  d e d ic a te d  d a ta - ta k in g  p e rio d  
in  Ju ly  2012, w hich  h as  a lso  b een  used  to  m easu re  th e  e la s tic  a n d  to ta l  cross sec tio n s 
a t  y fs  =  8 T eV  [19]. T h e  lu m in o sity  w as k ep t v e ry  low by  L H C  s ta n d a rd s , such  th a t  
th e  m ean  n u m b e r o f in e la s tic  in te ra c tio n s  p e r  b u n c h  c rossing  ( ‘p ile -u p ’) is never m ore  
th a n  0.08, a llow ing  ra p id ity  g ap s  to  b e  iden tified  a n d  su p p re ss in g  ra n d o m  co incidences 
b e tw een  p ro to n s  in  A L FA  a n d  u n re la te d  a c tiv ity  in  th e  c e n tra l d e te c to r  co m p o n en ts . T h e  
d a ta  w ere ta k e n  in  a  high-,0 * q u a d ru p o le  c o n fig u ra tio n , w h ich  p ro v id es  b eam s of a lm o st 
co llin ea r p ro to n s  a t  zero  c rossing  ang le . T h is  allow s th e  sen sitive  co m p o n e n ts  of A LFA  
to  be  p laced  as close as p ossib le  to  th e  b eam , en a b lin g  d e te c tio n  o f p ro to n s  a t  v e ry  sm all 
d eflec tio n  angles.
T h e  b e s t e s tim a te  o f th e  tra c k  p o s itio n  in  a  R o m a n  p o t is g iven  by th e  o v erlap  reg ion  
o f th e  h it  a re a s  of all fibres, w h ich  leads to  a  local p rec is io n  o f a ro u n d  30 ^ m  in each  
c o o rd in a te . C o rre la tin g  h its  b e tw een  p o ts  a n d  re c o n s tru c tin g  th e  p ro to n  k in em a tic s  relies 
o n  a n  a lig n m en t p ro ced u re , w h ich  is c a rr ie d  o u t u sin g  e la s tic -sc a tte r in g  a n d  b e a m -h a lo  
d a ta  [19]. A  spec ia l b eam  o p tic s  co n fig u ra tio n  [20] w as in  p lace  for th e  d a ta  u sed  here , 
in c o rp o ra tin g  ‘p a ra lle l- to -p o in t’ focusing  in  th e  v e rtic a l p lan e , such  th a t  th e  y c o o rd in a te  of 
th e  p ro to n  im p a c t p o in t in  a  R o m a n  p o t d e te c to r  a t  fixed z d e p e n d s  o n ly  on  th e  s c a tte r in g  
an g le  a n d  th e  en e rg y  loss. T h e  o p tic s  co n fig u ra tio n  d oes n o t p ro v id e  th e  p a ra lle l- to -p o in t 
fe a tu re  in  th e  h o riz o n ta l p lan e , so th e  x  c o o rd in a te  in  th e  R o m a n  p o t d e te c to rs  d ep e n d s  on  
th e  p r im a ry  v e r te x  p o sitio n , w h ich  is m e asu red  by  th e  c e n tra l d e te c to r . T h e  co m b in a tio n  
o f th e  x  a n d  y c o o rd in a te s  o f th e  signals  in  th e  R o m a n  p o t  s ta tio n s  a t  z =  237 m  an d  
z =  241 m  a n d  th e  p r im a ry  v e r te x  a re  th e re fo re  used  to g e th e r  to  re c o n s tru c t th e  values of 






3 M on te Carlo sim ulation
M o n te  C a rlo  (M C ) s im u la tio n s  a re  u sed  for th e  m o d ellin g  o f b a c k g ro u n d  c o n tr ib u tio n s , 
un fo ld in g  o f in s tru m e n ta l effects, a n d  co m p ariso n s  o f m odels w ith  th e  h ad ro n -lev e l c ross­
sec tio n  m e a su re m e n ts . T h e  P y t h ia 8 [21] g e n e ra to r  w as used  to  p ro d u c e  th e  m a in  SD, N D  
a n d  D D  sam p les  a n d  also  th a t  for th e  ‘c e n tra l d iffra c tiv e ’ (C D , p p  ^  p X p , figure 1(c)) 
p rocess. T h e  SD, D D  a n d  C D  m odels in  P y t h ia 8 a re  b ased  o n  th e  exch an g e  o f a  p o m ero n  
w ith  tr a je c to ry  a ( t )  =  a (0 )  +  a ' t ,  a ssu m in g  ‘tr ip le  R eg g e ’ [22] fo rm alism  (see sec tio n  10) . 
T h e  m odels [23] a re  tu n e d  using  p rev io u s A T L A S d a ta ,  in c lu d in g  th e  to ta l  in e la s tic  cross 
sec tio n  [11] a n d  ra p id ity  g a p  s p e c tra  [14]. B y  d e fa u lt, th e  ‘A 3 ’ tu n e  [24] w as used , w hich  
a d o p ts  th e  ‘D o n n a c h ie -L an d sh o ff’ [25] choice for th e  p o m e ro n  flux  fa c to r  to  d e sc rib e  th e  
£ a n d  t  d e p en d en ces  in  th e  d iffrac tiv e  ch an n e ls  w ith  p o m e ro n  in te rc e p t a (0 )  =  1.07. A n 
a l te rn a tiv e  SD sam p le  w as p ro d u c e d  u sin g  th e  A2 tu n e  [26] a n d  th e  S ch u le r-S jo s tran d  m odel 
fo r th e  p o m e ro n  flux  fa c to r  [23], w hich  h as  a (0 )  =  1 a n d  th e re fo re  d iffers from  D on n ach ie - 
L an d sh o ff  m a in ly  in  its  £ d ep en d en ce . B o th  tu n e s  use th e  H1 2006 F i t  B d iffrac tiv e  p a r to n  
d en s itie s  [27] as a n  in p u t to  m odel th e  h a d ro n isa tio n  in  th e  d iffrac tiv e  ch an n e ls . F o r th e  
n o n -d iffrac tiv e  ch an n e l, th e  A3 tu n e  uses th e  N N P D F 2 3 L O  [28] p ro to n  p a r to n  d en sitie s . 
G e n e ra te d  c e n tra l p a r tic le s  w ere p ro p a g a te d  th ro u g h  th e  G e a n t 4 b ased  s im u la tio n  of 
A T L A S  [2 9 , 30] to  p ro d u c e  th e  s im u la te d  signals in  th e  c e n tra l d e te c to r  c o m p o n en ts . T h e  
g e n e ra te d  p ro to n s  in  d iffrac tiv e  p rocesses a re  t r a n s p o r te d  from  th e  in te ra c tio n  p o in t to  th e  
A L FA  d e te c to rs  by  re p re se n tin g  each  e lem en t of th e  L H C  o p tic a l la tt ic e  (q u a d ru p o le  an d  
d ip o le  m ag n e ts )  as a  s im p le  m a tr ix  u n d e r  th e  th in - le n s  a p p ro x im a tio n , g iv ing  th e  to ta l  
t ra n s fe r  m a tr ix  once m u ltip lied  to g e th e r .
T h e  im p a c t o f u n c e r ta in tie s  in  th e  h a d ro n isa tio n  p ro p e rtie s  of th e  d isso c ia tio n  sy stem  
X  is e v a lu a te d  by  c o m p ariso n  o f P y t h ia 8 w ith  th e  c lu s te r-b a se d  a p p ro a c h  in  th e  H e r w ig 7 
M o n te  C a rlo  m odel [31 , 32] (V ersion  7.1.3 is u sed ). H e r w ig 7 m akes p re d ic tio n s  for th e  
d iffrac tiv e  cross sec tio n  b ased  o n  an  u p d a te d  m odel of so ft a n d  d iffrac tiv e  p rocesses [33], 
w h ich  a d o p ts  a  tr ip le  R egge a p p ro a c h  a n d  £ a n d  t  p a ra m e te r is a tio n  s im ila r  to  t h a t  in 
P y t h ia 8 w ith  th e  A3 tu n e , b u t  p ro d u ces  f in a l-s ta te  d isso c ia tio n  p a rtic le s  acco rd in g  to  a 
m u lti-p e r ip h e ra l m odel [34].
4 D a ta  selection  and reconstruction
E v e n ts  a re  tr ig g e re d  by  req u irin g  a c tiv ity  in  a t  leas t tw o  M B T S  c o u n te rs  o n  th e  sam e  side 
o f th e  in te ra c tio n  p o in t, in  co inc idence  w ith  a  s ig n a l in  a  p a ir  o f ‘n e a r ’ a n d  ‘f a r ’ p lan es 
in  A L FA  o n  th e  o p p o s ite  side. T h e  efficiency of th e  tr ig g e r  is d e te rm in e d  se p a ra te ly  for 
each  m ea su re m e n t in te rv a l by  re ference  to  a  ra n d o m ly  seeded  tr ig g e r  w ith  th e  su b seq u en t 
re q u ire m e n t o f an  ID  tra c k  w ith  tra n sv e rse  m o m e n tu m  p x  >  200 M eV , c o rre sp o n d in g  
to  th e  m in im u m  offline se lec tio n  re q u ire m e n t in  th is  ana ly sis . T h e  tr ig g e r  efficiency w as 
cross-checked  by  rep lac in g  th e  re ference  tr ig g e r  w ith  one  b ased  on  th e  L U C ID  fo rw ard  
d e te c to r  [35] a n d  also  w ith  a  sam p le  tr ig g e re d  on  co m p le te ly  ra n d o m  b u n ch  crossings. 
A fte r  a c c o u n tin g  for p resca les, th e  in te g ra te d  lu m in o sity  o f th e  sam p le  is 1 .67 ±  0.03 n b - 1 , 






F o r th e  tr ig g e re d  sam p le , th e  M B T S  resp o n se  is an a ly sed  seg m en t-b y -seg m en t w ith  of­
fline th re sh o ld s  se t to  b e s t s e p a ra te  signal from  noise  g e n e ra te d  in  th e  p h o to m u ltip lie rs  an d  
by  th e  re a d -o u t e lec tro n ics . T h re sh o ld s  a re  se t in d iv id u a lly  for th e  32 c o u n te rs  by  f ittin g  
th e  no ise  d is tr ib u tio n  a ro u n d  zero  to  a  G a u ss ia n  d is tr ib u tio n  a n d  p lac in g  th e  th re sh o ld  a t  
4 a  from  th e  G au ss ian  m ean . T h e  sam e  a p p ro a c h  is ap p lied  in  th e  s im u la tio n . T h e  tr ig g e r  
efficiency rises re la tiv e ly  slow ly w ith  th e  n u m b e r o f ac tiv e  M B T S  seg m en ts  acco rd in g  to  th is  
offline re c o n s tru c tio n . E v e n ts  a re  th e re fo re  req u ired  to  have a t  le a s t five M B T S  co u n te rs  
p ass in g  th e  offline re q u irem en ts , a t  w hich  p o in t th e  tr ig g e r  efficiency is a p p ro x im a te ly  50% .
E v e n ts  a re  req u ired  to  have  a t  le a s t one  g o o d -q u a lity  c h a rg e d -p a r tic le  tra c k  reco n ­
s tru c te d  in  th e  ID  as well as a  re c o n s tru c te d  p r im a ry  v e rtex . T h e  se lec tio n  ap p lied  for 
th e  g o o d -q u a lity  tra c k s  follow s th e  c r ite r ia  e s ta b lish e d  in  ref. [36] a n d  req u ires  |n | <  2.5 
a n d  p x  >  200 M eV  as well as th e  p resen ce  o f h its  in  b o th  th e  p ixel a n d  s tr ip  d e te c to rs , an  
ac c e p tab le  tra c k  fit x 2 a n d  tra n sv e rse  a n d  lo n g itu d in a l tra c k  im p a c t p a ra m e te rs  re la tiv e  
to  th e  n o m in a l in te ra c tio n  p o in t th a t  a re  c o m p a tib le  w ith  a  p r im a ry  v e rtex . T h e  v e rte x  
re c o n s tru c tio n  efficiency is v e ry  close to  100%  fo r ev en ts  w ith  fou r o r m ore  re c o n s tru c te d  
c h a rg ed  p a rtic le s , fa lling  off a t  low er m u ltip lic itie s  [37].
T h e  A L FA  a lig n m en t p ro c e d u re s  [19 , 38] lead  to  a  p rec is io n  a t  th e  level o f 2 0 -3 0  ^ m  
fo r p ro to n  tra c k  seg m en ts  in  each  R o m a n  p o t s ta tio n . S egm en ts a re  re c o n s tru c te d  from  
h its  in  a t  leas t six  u  a n d  six  v fib re  layers. To avoid  a rea s  o f red u ced  p e rfo rm a n c e  close to  
th e  d e te c to r  edges a n d  efficiency losses in  th e  sh ad o w  o f b e a m  c o llim a to rs , tra c k  seg m en ts  
a re  re s tr ic te d  in  th e  y c o o rd in a te  to  a  reg ion  a b o u t 8 m m  to  20 m m  from  th e  b eam -lin e , 
v a ry in g  slig h tly  b e tw een  s ta tio n s . M ore th a n  one  tra c k  seg m en t is re c o n s tru c te d  in  an  
A L FA  a rm le t in  less th a n  1% o f cases; th e  seg m en t w ith  th e  m o st o v erlap p in g  fib res is 
th e n  se lec ted . P ro to n  tra c k s  a re  re c o n s tru c te d  from  th e  c o m b in a tio n  of seg m en ts  above o r 
below  th e  b e a m  in a d ja c e n t n e a r  a n d  fa r  s ta tio n s . F u r th e r  c o n s tra in ts  a re  d eriv ed  from  
th e  e x p e c te d  c o rre la tio n  p a t te r n  b e tw een  th e  average  x -p o s itio n  o f th e  tra c k  seg m en ts  
in  th e  n e a r  a n d  fa r s ta tio n s  (x ) a n d  th e  local an g le  th e  tra c k  m akes in  th e  (x , z) p lane , 
9x . T h e  reg ion  w ith  low values o f x  a n d  9x is p o p u la te d  d o m in a n tly  by  SD processes 
a t  m o d e s t £, w h ereas  b e a m -re la te d  ‘h a lo ’ b ack g ro u n d  c o n tr ib u tio n s  cover a  w ide ran g e  
in  x  a n d  b ack g ro u n d s  from  non-S D  p p  co llisions a re  re la tiv e ly  even ly  d is tr ib u te d  in  b o th  
va riab les . A  b iv a r ia te  G a u ss ia n  d is tr ib u tio n  is f i t te d  to  th e  o b serv ed  tw o -d im en sio n a l (x , 0x) 
d is tr ib u tio n s  fo r each  a rm le t, a n d  tra c k s  a re  ac c e p ted  if th e y  lie w ith in  a  3 a  c o n to u r  of th e  
re su ltin g  ellipse. O n ly  ev en ts  w ith  e x a c tly  one  re c o n s tru c te d  p ro to n  tra c k  a re  co n sid ered  
in  th e  ana ly sis .
T h e  in tr in s ic  re c o n s tru c tio n  efficiency o f A L FA  for m in im u m -io n is in g  p a r tic le s  w as d e ­
te rm in e d  to  be  close to  100% in te s t  b e a m s [38]. H ow ever, re c o n s tru c tio n  inefficiencies arise  
from  fa ilu res  o f th e  tra c k  re c o n s tru c tio n  a lg o rith m , m o s tly  d u e  to  h a d ro n ic  in te ra c tio n s . 
T h e  A L F A  tra c k  re c o n s tru c tio n  efficiency is o b ta in e d  se p a ra te ly  fo r each  a rm le t th ro u g h  a 
‘ta g  a n d  p ro b e ’ a p p ro a c h  usin g  a  sam p le  of e la s tic -sc a tte r in g  ev en ts , fo llow ing th e  m e th o d  
em ployed  in  th e  A T L A S e la s tic -sc a tte r in g  m e a su re m e n t [19], a d a p te d  for th e  A L FA  tra c k  
a n d  ev en t se lec tio n  used  in  th is  ana ly sis . T h e  efficiency is 91% -94%  d e p e n d in g  on  th e  






5 K in em atic  variables and fiducial region
T h e  m e a su re m e n t is p e rfo rm ed  d iffe ren tia lly  in  t, w h ich  is d e te rm in e d  from  th e  s c a t­
te re d  p ro to n ’s tra n sv e rse  m o m e n tu m  as re c o n s tru c te d  u sin g  A L FA . T h e  re so lu tio n  in  t  
is a ro u n d  15%.
T h e  cross sec tio n  is a lso  m easu red  d iffe ren tia lly  in  th e  ‘v isib le  ra p id ity  g a p ’ va riab le , 
A n . T h is  v a riab le  re p re se n ts  th e  size o f th e  reg ion  in  w hich  n o  p r im a ry 2 c h a rg ed  p a rtic le s  
a re  p ro d u c e d  w ith  p x  >  200 M eV , s ta r t in g  a t  |n| =  2.5 o n  th e  sam e side o f th e  in te ra c tio n  
p o in t as th e  p ro to n  ta g  a n d  e x te n d in g  to w a rd s  th e  X  sy stem . T h is  A n  d e fin itio n  is s im ila r 
to  t h a t  a d o p te d  in  ref. [14], b u t  is a d a p te d  to  th e  c u rre n t an a ly sis , in  w hich  c a lo rim e te r  
in fo rm a tio n  is n o t used  a n d  c h a rg ed  p a rtic le s  a re  re c o n s tru c te d  from  tra c k s  as d esc rib ed  
in  sec tio n  4 . T h e  re so lu tio n  in  A n  is re la tiv e ly  c o n s ta n t a t  a ro u n d  0.02.
T h e  m e a su re m e n t is a lso  p e rfo rm ed  as a  fu n c tio n  o f £, d e te rm in e d  v ia  £ =  M X /s  by 
u sin g  th e  c h a rg ed  p a r tic le s  re c o n s tru c te d  in  th e  ID  to  o b ta in  th e  m ass o f th e  d iffrac tiv e  
sy s tem  X . T h e  e x p e rim e n ta l se n s itiv ity  to  M X  is lim ited  by  th e  ab sen ce  o f re c o n s tru c te d  
n e u tra l  p a rtic le s , fo rw ard  p a r tic le s  e scap in g  th e  d e te c to r  th ro u g h  th e  b eam  p ip e , an d  low -px  
p a rtic le s  n o t reach in g  th e  d e te c tio n  th re sh o ld  o f th e  ID . T h e  p ro b lem  of th e  m issing  fo rw ard  
p a rtic le s  is m itig a te d  in  th e  re c o n s tru c tio n  by  a d o p tin g  a  s im ila r a p p ro a c h  to  th a t  in  ref. [39] 
w h ich  uses th e  a p p ro x im a tio n  £ i ( E % ± p Z ) / \ / s .  T h e  co rre sp o n d in g  rec o n s tru c te d -le v e l 
v a riab le  £ (ID ) is b u ilt  from  th e  energ ies E  a n d  lo n g itu d in a l m o m e n ta  p z o f all m easu red  
ID  tra c k s  i, a n d  th e  sign  ±  is d e te rm in e d  by  th e  sign  o f th e  s c a tte re d  p ro to n ’s lo n g itu d in a l 
m o m e n tu m . F o r th is  sum , th e  m in im u m  re q u ire m e n t o n  tra c k  tra n sv e rse  m o m e n tu m  is 
re lax ed  from  200 M eV  to  100 M eV . M issing  n e u tra l  a n d  re m a in in g  low -px ch a rg ed  p a rtic le s  
a re  a c c o u n te d  for by  a p p ly in g  a  m u ltip lic a tiv e  lin ea r fu n c tio n , d e te rm in e d  from  th e  M C 
sim u la tio n s , to  th e  re c o n s tru c te d  lo g 10 £. T h e  a b ility  o f th e  s im u la tio n s  to  p ro v id e  th is  
c o rre c tio n  w ith in  th e  p rec is io n  defined  by  th e  a sso c ia te d  sy s te m a tic s  is s u p p o r te d  by  s tu d ie s  
o f ch a rg ed  p a r tic le  d is tr ib u tio n s  in  d iffrac tio n  a t  th e  L H C  [40] a n d  of d iffrac tiv e  ch arg ed  
p a r tic le  s p e c tra  a n d  to ta l  en e rg y  flows a t  p rev io u s co lliders  such  as H E R A  [9]. Follow ing 
th is  p ro ced u re , th e  re so lu tio n  is a p p ro x im a te ly  c o n s ta n t in  lo g 10 £ a t  a ro u n d  0.3. T h e  
v a riab le  £ can  also  b e  re c o n s tru c te d  u sin g  £(A L F A ) =  1 — EpP/Ep , w h ere  EpP a n d  E p a re  
th e  s c a tte re d  p ro to n ’s en e rg y  as m easu red  by  A L FA  a n d  th e  b e a m  energy , respective ly . 
A lth o u g h  th e  A L FA  re c o n s tru c tio n  h as  in c reas in g ly  p o o r  re so lu tio n  as £ b ecom es sm all, it 
p ro v id es  a  pow erfu l m ean s of cross-check ing  th e  ID -b ased  m e a su re m e n t w ith  v e ry  d iffe ren t 
b a c k g ro u n d  c o n tr ib u tio n s , u n fo ld in g  c h a ra c te r is tic s  a n d  o th e r  sy s te m a tic  effects.
T h e  low er lim it o f th e  m e a su re m e n t in  £ is d e te rm in e d  by  th e  in n e r d e te c to r  an d  
M B T S  ac c e p tan c e , w hile  th e  sen sitiv e  reg ion  in  t  a n d  th e  u p p e r  lim it in  £ a re  d e te rm in e d  
by  th e  coverage o f th e  A L FA  s ta tio n s . T h e  fiduc ia l reg ion  is d e te rm in e d  by  c o n s id e ra tio n  
o f th e  a c c e p tan c e  as e v a lu a te d  in  th e  SD M C  sam ple . T h e  a c c e p tan c e  in  £ is a p p ro x i­
m a te ly  c o n s ta n t a t  a ro u n d  30%  over a  w ide  range . T h e  reg ion  —4.0 <  lo g 10 £ <  —1.6 is 
chosen , fo r w hich  th e  a c c e p tan c e  is a t  le a s t h a lf  o f th e  m ax im u m  value. A  fiducia l ran g e  of 
0.016 G eV 2 <  |t| <  0.43 G eV 2 is th e n  ta k e n , to  en su re  t h a t  th e  a c c e p tan c e  is a t  leas t 10% 
th ro u g h o u t th e  m easu red  range .
2 A primary charged particle is defined as a charged particle with a mean proper lifetime t > 300 ps, which 







B a c k g ro u n d  in  th e  an a ly s is  arises  from  non-S D  p p  co llision  p rocesses lead in g  to  c o rre la ted  
signals  in  A L FA  a n d  th e  ID  (‘s in g le -so u rce ’), as well as from  co incidences o f a  s ig n a l in 
A L FA  w ith  a n  u n c o rre la te d  signal in  th e  ID  ( ‘overlay  b a c k g ro u n d ’).
T h e  sing le-sou rce  c o n tr ib u tio n  is d o m in a te d  by  th e  C D  process, w hich  n a tu ra l ly  gives 
rise  to  fo rw ard -g o in g  p ro to n s  a n d  a c tiv ity  in  th e  ID . I t  is e s tim a te d  u sin g  th e  M C  sim u­
la tio n , rew eig h ted  th ro u g h  th e  c o m p ariso n  w ith  d a ta  fo r th e  co n tro l sam p le  d esc rib ed  in 
sec tio n  7 . T h e  p ro b a b ility  th a t  a  P y t h ia 8 C D  ev en t m ee ts  th e  se lec tio n  c r ite r ia  is 8.5% . 
T h e  N D  a n d  D D  sing le -sou rce  c o n tr ib u tio n s  a re  neglig ib le.
In  th e  overlay  b ack g ro u n d , th e  signal in  th e  c e n tra l d e te c to r  a lm o s t alw ays a rises from  
a  N D , D D  o r SD pp  collision , w h ils t th e  A L FA  sig n a l m ay  o ccu r d u e  to  p ile -u p  from  real 
fo rw ard -g o in g  p ro to n s  in  e la s tic -sc a tte r in g  o r C D  processes, show ering  in  D D  o r N D  even ts, 
o r  from  b eam -in d u c e d  sources (m a in ly  b eam  h a lo ). T h e  overlay  b a c k g ro u n d  is m odelled  
u sin g  a  d a ta -d r iv e n  te c h n iq u e  in  w h ich  th e  n o rm a lisa tio n  is d e te rm in e d  from  th e  p ro b a b ility  
p e r  b u n ch  c rossing  of re c o n s tru c tin g  in  A L FA  a  p ro to n  th a t  passes th e  re q u ire m e n ts  ap p lied  
in  th e  m a in  an a ly s is  a n d  is n o t c o rre la ted  w ith  c e n tra l d e te c to r  ac tiv ity . T h is  p ro b a b ility  is 
o b ta in e d  from  a  c o n tro l d a ta  sam p le  in  w h ich  th e re  a re  h its  in  a ll 32 M B T S  seg m en ts  an d  
re c o n s tru c te d  c h a rg e d -p a r tic le  tra c k s  w ith in  0.5 p se u d o ra p id ity  u n its  o f b o th  edges o f th e  
ID  a ccep tan ce . T h is  la rg e  a m o u n t o f c e n tra l d e te c to r  a c tiv ity  im plies h eav y  su p p ress io n  of 
th e  p h ase  space  fo r c o rre la ted  a c tiv ity  in  A LFA . T h e re  is a  re c o n s tru c te d  p ro to n  in  A LFA  
in  0.77%  of such  even ts , w h ich  se ts  th e  overlay  b a c k g ro u n d  n o rm a lisa tio n , a ssu m in g  th a t  
th e  ID  a n d  A L FA  signals  a re  a lw ays u n c o rre la ted . A  9% c o rre c tio n  is m ad e  fo r re s id u a l 
s ignal ev en ts  in  th e  sam ple , d e te rm in e d  from  M C  sim u la tio n s . F o r th e  t  m e a su re m e n t, th e  
sh a p e  of th e  overlay  b a c k g ro u n d  c o n tr ib u tio n  is ta k e n  d ire c tly  from  th e  d is tr ib u tio n  in  th e  
c o n tro l sam p le . F o r £ a n d  A n , th e  sh a p e  is ta k e n  from  th e  M C  s im u la tio n  o f N D , D D  an d  
SD ev en ts  t h a t  p ass  th e  c e n tra l d e te c to r  re q u ire m e n ts  b u t  do  n o t c o n ta in  a  p ro to n  in  A LFA .
B ack g ro u n d  a ris in g  e n tire ly  from  b ea m -in d u c e d  p rocesses o r  from  ‘a fte rg lo w ’, in  w hich  
relics o f p rev io u s ev en ts  a re  reco rd ed  in  a  la te r  b u n c h  c rossing , a re  s tu d ie d  usin g  m o n ito rin g  
sam p les  from  b u n c h  c rossings in  w h ich  on ly  one  o f th e  tw o  p ro to n  b eam s is p re se n t a n d  from  
s id e b a n d s  in  th e  ( x ,0 x) d is tr ib u tio n . T h e y  c o n tr ib u te  less th a n  0.1%  of th e  to ta l  sam ple .
7 C ontrol d istr ibu tion s
E x a m p le  co n tro l d is tr ib u tio n s , in  w h ich  u n c o rre c ted  d a ta  a re  co m p a re d  w ith  p red ic ­
tio n s  b ased  on  M C  s im u la tio n s  a n d  th e  d a ta -d r iv e n  b a c k g ro u n d  m odel, a re  show n in 
figure 2 (a )- 2 (d ). H ere, th e  n o rm a lisa tio n s  o f th e  N D , D D  a n d  C D  M C  m odels a re  ta k e n  
from  th e ir  P y t h ia 8 d e fa u lt c ross sec tio n s o f 51 m b, 8.3 m b  a n d  1.2 m b, respective ly , w h ils t 
th e  SD cross sec tio n  in  P y t h ia 8 is a d ju s te d  from  12.5 m b  to  8.0 m b  to  m a tc h  th e  re su lts  of 
th is  an a ly s is  (see sec tio n  10) . W ith  th e se  n o rm a lisa tio n s , all v a riab les  a re  well d esc rib ed . 
T h e  sh a p e  of th e  d is tr ib u tio n  in  |t | reflec ts th e  A L FA  a ccep tan ce . T h e  SD c o n tr ib u tio n  
d o m in a te s  in  m uch  o f th e  p h ase  space. T h e  overlay  b ack g ro u n d  c o n tr ib u tio n  is la rg es t a t  






s ta n t  f ra c tio n  o f th e  SD signal a t  th e  level o f a ro u n d  10%. T h e  re m a in in g  D D  a n d  N D  
b a c k g ro u n d  sources a re  a t  o r below  th e  1% level.
T h e  q u a lity  o f th e  d e sc r ip tio n  o f th e  b ack g ro u n d s  from  th e  tw o  la rg es t sources is 
in v e s tig a te d  u sin g  co n tro l sam p les , defined  s im ila rly  to  th e  m a in  an a ly s is  se lec tion , ex cep t 
t h a t  e x a c tly  tw o  A L FA  a rm le ts  a re  req u ired  to  c o n ta in  a  re c o n s tru c te d  p ro to n , r a th e r  
th a n  one. In  ‘C o n tro l R eg ion  1’, th e  re m a in d e r  o f th e  se lec tio n  is as fo r th e  m a in  an a ly sis  
(i.e. re q u ir in g  a c tiv ity  in  a t  le a s t five M B T S  sec to rs), w hich  p rov ides a  te s t  o f th e  overlay  
b a c k g ro u n d  tr e a tm e n t .  In  th is  case, th e  tw o  a rm le ts  c o n ta in in g  p ro to n s  a re  in  th e  back- 
to -b a c k  a z im u th a l c o n fig u ra tio n  a p p ro x im a te ly  96% o f th e  tim e , in d ic a tin g  th a t  e la s tic  
s c a tte r in g  is th e  d o m in a n t sou rce  o f A L FA  b a c k g ro u n d  signals. F ig u re  2 (e) show s an  
ex am p le  (A n ) c o n tro l d is tr ib u tio n  in  th is  sam p le . T h e  d a ta  a re  well d e sc rib ed , w ith  th e  
p ro to n  overlay  c o n tr ib u tio n  heav ily  d o m in a n t a n d  th e  C D  c o n tr ib u tio n  b e in g  th e  n e x t 
la rg e s t c o n tr ib u tio n . In  ‘C o n tro l R eg io n  2 ’, th e  C D  c o n tr ib u tio n  is en h a n c e d  by  req u irin g  
a c tiv ity  in  no  few er th a n  tw o  a n d  no  m ore  th a n  te n  M B T S  sec to rs. T h e  n o rm a lisa tio n  of 
th is  sam p le  is well d e sc rib ed , as a re  th e  sh a p e s  o f all re lev an t d is tr ib u tio n s  ex cep t fo r th a t  in  
£ (ID ). T h e  £ d e p e n d e n c e  in  th e  C D  M C  s im u la tio n  is th e re fo re  rew eigh ted  to  b e t te r  m a tc h  
th e  d a ta  in  th e  co n tro l reg ion  w h ils t p re se rv in g  th e  n o rm a lisa tio n , y ie ld in g  th e  d e sc rip tio n  
show n in figure  2 (f). T h e  C D  c o n tr ib u tio n  is th e  la rg es t, a lth o u g h  a  su b s ta n tia l  overlay  
b a c k g ro u n d  c o m p o n e n t rem a in s . T h e  C D  c o n tr ib u tio n  ca n  b e  fu r th e r  en h a n c e d  by  m ak in g  
even  t ig h te r  re q u ire m e n ts  on  sm all n u m b ers  o f ac tiv e  M B T S  sec to rs, a t  th e  ex p en se  of 
a c c e p tin g  few er ev en ts . T h e  q u a lity  o f th e  d e sc r ip tio n  rem a in s  a t  a  level s im ila r to  th a t  of 
C o n tro l R eg ion  2.
8 U nfold ing
T h e  b in n in g  choices in  th e  m e a su re m e n t a re  d riv e n  by  th e  re so lu tio n s  in  each  variab le , 
as q u o te d  in  sec tio n  5 , such  th a t  th e  b in  p u r i t ie s3 a re  ty p ic a lly  la rg e r th a n  50% . A fte r  
th e  b a c k g ro u n d  c o n tr ib u tio n s  a re  s u b tra c te d  a n d  th e  tr ig g e r  a n d  A L FA  efficiencies are  
a c c o u n te d  for, th e  d a ta  a re  co rre c ted  fo r m ig ra tio n s  b e tw een  b in s  a n d  across th e  fiducial 
b o u n d a rie s  of th e  m e a su re m e n t u sin g  an  i te ra tiv e  B ay es ian  u n fo ld in g  a lg o rith m  [41] b ased  
o n  th e  SD M C  sam ple , rew eig h tin g  th e  in p u t a t  each  ite ra tio n . T h e  chosen  n u m b e r of 
i te ra tio n s  is a  co m p ro m ise  b e tw een  re s id u a l in fluence  from  th e  M C  g en e ra to r-lev e l p rio r  
(sm all n u m b ers  o f i te ra tio n s )  a n d  e x a g g e ra tio n  o f s ta t is t ic a l  effects (la rge  n u m b e rs ) . T h e  
o p tim a l choice is d e te rm in e d  by  m in im isa tio n  o f th e  u n fo ld in g  sy s te m a tic  u n c e r ta in ty  (see 
sec tio n  9) a n d  varies b e tw een  1 a n d  4 for th e  d is tr ib u tio n s  s tu d ie d . T h e  resp o n se  m a tric e s  
fo r th e  |t | a n d  A n  v a riab les  a re  d iag o n a l to  a  go o d  a p p ro x im a tio n ; th e  re sp o n se  m a tr ix  for £ 
is a lso  a p p ro x im a te ly  d iag o n a l a f te r  th e  c o rre c tio n  fo r u n re c o n s tru c te d  p a rtic le s  d esc rib ed  
in  sec tio n  5 .
3Bin purity is defined in the context of the simulation as the fraction of all events reconstructed in a 
measurement interval that are classified as SD and are also generated in that interval at the generator level.





Figure 2. U ncorrected (i.e. detector level) d istribu tions of (a) log10 £ m easured in ALFA, (b) log10 £ 
m esaured in the ID, (c) |t| and (d) A n for the basic selection of the  m easurem ent. (e) U ncorrected 
A n distribu tion  from Control Region 1, in which two proton track  segments are required ra ther 
th an  one. (f) U ncorrected d istribu tion  in log10 £ m easured in the ID for Control Region 2, in 
which exactly two proton track segm ents are required and the M BTS m ultiplicity is required to  be 
between 2 and 10. In all distributions, d a ta  are com pared w ith the sum  of the  overlay background 
model and the  P y t h i a 8 A3 tune prediction w ith the SD contribution scaled by 0.64 to  m atch the 
m easurem ent in th is paper. In (f), the  CD £ d istribu tion  at the  MC generator level is reweighted as 
described in the  tex t. Significant contributions in (a) beyond the log10 £ range of the  m easurem ent 






9 U n certa in ties
T h e  la rg es t c o n tr ib u tio n  to  th e  sy s te m a tic  u n c e r ta in ty  in  m an y  o f th e  m e a su re m e n t b ins 
a rises from  th e  overlay  b a c k g ro u n d  s u b tra c tio n . T h is  u n c e r ta in ty  is d eriv ed  from  th e  b in- 
b y -b in  f ra c tio n a l d ifference b e tw een  th e  d a ta  a n d  th e  d a ta -d r iv e n  p re d ic tio n  in  C o n tro l 
R eg io n  1, p ro p a g a te d  to  th e  m a in  se lec tion . I t  is less th a n  5% in  m o st b ins, b u t  grow s to  
a lm o s t 20% a t  th e  sm a lle s t a n d  la rg es t values o f | t | .
T h e  assu m ed  ra tio s  of th e  SD, D D  a n d  C D  cross sec tio n s e n te r  th e  m ea su re m e n t 
th ro u g h  th e  b ack g ro u n d  s u b tra c tio n  p ro ced u res . T h e  ran g es  o f sy s te m a tic  v a r ia tio n  are  
chosen  to  m a tc h  m e a su re m e n ts  by  C D F  [8 , 4 2 , 43], w h ich  a re  c o m p a tib le  w ith  th e  s tu d y  of 
C o n tro l R eg ion  2. T h e  assu m ed  C D  cross sec tio n  is v a ried  b e tw een  1.12 m b  a n d  1.66 m b, 
w h ich  re su lts  in  an  u n c e r ta in ty  a t  th e  5% level. T h e  sh a p e  o f th e  C D  £ d is tr ib u tio n  is 
a lso  a lte re d  in  th e  M C  s im u la tio n  to  im prove  th e  d e sc r ip tio n  o f th e  d a ta  as d esc rib ed  
in  sec tio n  7 . T h e  a sso c ia te d  sy s te m a tic  u n c e r ta in ty  is ta k e n  from  th e  d ifference be tw een  
th e  un fo ld ed  re su lts  o b ta in e d  w h en  a p p ly in g  th is  rew eig h tin g  a n d  th o se  o b ta in e d  using  
th e  o rig in a l P y t h ia 8 d is tr ib u tio n . T h is  d ifference re su lts  in  u n c e r ta in tie s  o f u p  to  2%. 
S y s te m a tic  v a r ia tio n  o f th e  D D  cross sec tio n  (b e tw een  29% a n d  68% of th e  SD cross 
sec tio n ) leads to  a  neg lig ib le  u n c e rta in ty .
T h e  sy s te m a tic  u n c e r ta in ty  a ris in g  from  th e  u n fo ld in g  is d e te rm in e d  v ia  a  ‘c lo su re ’ 
te s t ,  in  w hich  th e  re c o n s tru c te d  (d e te c to r  level) P y t h ia 8 A3 M C  d is tr ib u tio n s  a re  firs t 
rew eig h ted  u sin g  h ig h -o rd e r p o ly n o m ia ls  to  p ro v id e  a  close m a tc h  to  th e  b ack g ro u n d - 
s u b tra c te d  d e tec to r-lev e l d a ta ,  a n d  a re  th e n  un fo ld ed  u sin g  th e  sam e M C  m odel w ith  
no  rew eig h tin g  ap p lied . T h e  u n c e r ta in ty  is ta k e n  to  b e  th e  fra c tio n a l non -c lo su re , i.e. th e  
d e v ia tio n  of th e  un fo ld ed  d is tr ib u tio n s  from  th e  g en e ra to r-lev e l d is tr ib u tio n s . T h e  re su ltin g  
u n c e r ta in tie s  reach  5% in  th e  £ d is tr ib u tio n  a n d  2% in th e  A n  d is tr ib u tio n . B ey o n d  th is  
n o n -c lo su re  u n fo ld in g  u n c e rta in ty , a  fu r th e r  ‘m o d e l-d e p e n d e n ce ’ u n c e r ta in ty  arises from  
th e  s im u la tio n  o f th e  h a d ro n isa tio n  o f th e  sy s tem  X . T h is  is e v a lu a te d  by  c o m p a rin g  th e  
re sp o n se  p re d ic te d  in  P y t h ia 8 w ith  t h a t  from  H e r w ig 7. I t  a m o u n ts  to  a ro u n d  5% in  th e  
£ m e a su re m e n t a n d  is neg lig ib le  for A n  a n d  t.
T h e  A L FA  a lig n m en t a n d  re c o n s tru c tio n  u n c e r ta in tie s  a re  o b ta in e d  u sin g  th e  m e th o d s  
d e sc rib ed  in  ref. [38]. T h e  ‘h o r iz o n ta l’ a lig n m en t gives rise  to  th e  la rg es t effect, cau s in g  
a n  u n c e r ta in ty  of ty p ic a lly  1% in  th e  |t | d is tr ib u tio n . T h e  lu m in o sity  u n c e r ta in ty  is 1.5% , 
as d e te rm in e d  from  v an  d e r M eer scans [19 , 35]. O th e r  sy s te m a tic  u n c e r ta in tie s  co n sid ­
e red  in c lu d e  th o se  d u e  to  th e  ID  tra c k  re c o n s tru c tio n  efficiencies, o b ta in e d  fo llow ing th e  
m e th o d s  d esc rib ed  in  ref. [37]; th e  tr ig g e r  efficiency, o b ta in e d  by  v a ry in g  th e  re fe rence  t r ig ­
ger; a n d  re s id u a l M B T S  noise, o b ta in e d  by  v a ry in g  th e  th re sh o ld . N one of th e se  p ro d u ce  
u n c e r ta in tie s  in  th e  m easu red  cross sec tio n s b ey o n d  th e  2% level.
T h e  final sy s te m a tic  u n c e r ta in tie s  a re  o b ta in e d  by a d d in g  th e  u p w ard  a n d  dow nw ard  
sh ifts  from  all sources se p a ra te ly  in  q u a d ra tu re  a n d  sy m m e tris in g  by  ta k in g  th e  la rg e r of 
th e  tw o  sh ifts . T y p ica lly  th e y  a m o u n t to  b e tw een  5% a n d  10%, ex cep t a t  th e  ex trem es 
o f th e  m e a su re m e n t ran g e  in  t. S ta tis tic a l u n c e r ta in tie s  from  th e  n u m b e r of ev en ts  in  
th e  SD c a n d id a te  se lec tio n  a re  neg lig ib le, b u t  th e y  d o  a rise  from  th e  d a ta -d r iv e n  overlay  
b a c k g ro u n d  su b tra c tio n ; th e se  a re  a d d e d  in  q u a d ra tu re  w ith  th e  sy s te m a tic  u n c e r ta in tie s  
to  c o m p u te  th e  to ta l  u n c e rta in ty .






F ig u re  3. Hadron-level differential SD cross section as a function of A n, com paring the m easured 
d a ta  w ith P y t h ia 8 and H er w ig 7 predictions. The error bars on the d a ta  points and the band 
around unity  in the M C /d a ta  ra tio  show the com bination in quadra tu re  of fractional s ta tistical and 
system atic uncertainties.
10 R esu lts
T h e  b a c k g ro u n d -su b tra c te d , un fo ld ed  h ad ro n -lev e l SD cross sec tio n s a re  in te g ra te d  over th e  
fiducia l reg ion  - 4 .0  <  lo g 10 £ <  - 1 .6  a n d  0.016 <  |t | <  0.43 G eV 2 a n d  co rre sp o n d  to  cases 
w h ere  e ith e r  of th e  tw o  p ro to n s  d isso c ia te s . T h e  d iffe ren tia l cross sec tio n  in  A n , defined  in  
te rm s  o f p r im a ry  ch a rg ed  p a rtic le s  w ith  p T  >  200 M eV  as d e sc rib ed  in  sec tio n  5 , is show n 
in  figure 3 . T h e  e rro r  b a rs  in d ic a te  th e  s ta t is t ic a l  a n d  sy s te m a tic  u n c e r ta in tie s  a d d e d  in 
q u a d ra tu re , a lth o u g h  th e  s ta t is t ic a l  c o n tr ib u tio n s  a re  neg lig ib le  for m o st d a ta  p o in ts . For 
g a p  sizes b e tw een  a b o u t 1.5 a n d  3.5, th e  d iffe ren tia l cross sec tio n  e x h ib its  th e  p la te a u  th a t  is 
c h a ra c te r is tic  o f ra p id ity  g ap  d is tr ib u tio n s  in  soft d iffrac tiv e  p rocesses. T h e re  a re  d ev ia tio n s  
from  th is  b e h a v io u r a t  sm a lle r a n d  la rg e r g ap  sizes d u e  to  th e  d e fin itio n  o f th e  o b serv ab le  in 
te rm s  of a  re s tr ic te d  ra p id ity  reg ion  co rre sp o n d in g  to  th e  ID  a ccep tan ce , a n d  to  th e  fiducial 
ra n g e  re s tr ic tio n , respective ly . T h e  d a ta  a re  co m p a re d  w ith  th e  SD process s im u la tio n s  in  
th e  A2 a n d  A3 tu n e s  o f P y t h i a 8 ,  w hich  exceed  th e  m e a su re m e n t by  fa c to rs  o f 2.3 an d  
1.5, respective ly . B o th  o f th e se  tu n e s  a re  b ased  o n  a n  in te g ra te d  SD cross sec tion , defined  
acco rd in g  to  th e  P y t h i a 8  m odel, o f 12.5 m b. T h e  d ifference b e tw een  th e ir  p red ic tio n s  
fo r th e  fiducia l reg ion  of th e  m e a su re m e n t a rises from  th e  d iffe ren t p o m ero n  in te rc e p ts  
a (0 )  in  th e ir  flux  fa c to rs  (see sec tio n  3 ) . B o th  m odels give a  rea so n a b le  d e sc r ip tio n  o f th e  
sh a p e  o f th e  A n  d is tr ib u tio n , th e  A2 tu n e  b e in g  slig h tly  b e t te r  th a n  A 3. T h e  excess of 
th e  P y t h i a 8  p re d ic tio n  over d a ta  is c o m p a tib le  w ith  p rev io u s A T L A S  o b se rv a tio n s  from  
ra p id ity  g a p  s p e c tra  [14] a ssu m in g  th e  D D  c o n tr ib u tio n  to  th e  P y t h i a 8  m odel of th e  
p rev io u s m e a su re m e n t is c o rre c t. T h e  H e r w ig 7  p re d ic tio n  is a lso  b ro a d ly  in  line w ith  th e  
sh a p e  o f th e  A n  d is tr ib u tio n , b u t  e x h ib its  an  even  la rg e r excess in  n o rm a lisa tio n . T h is  
m ay  be  p a r t ly  d u e  to  th e  o p e ra tio n a l d e fin itio n  o f th e  SD process t h a t  is a d o p te d  in  th e  
d e fa u lt SD m odel n o rm a lisa tio n , w h ich  is d e riv ed  from  a  ra p id ity  g a p  m e a su re m e n t th a t  
also  c o n ta in s  a  D D  a d m ix tu re  [33].





F ig u re  4. The differential cross section as a function of |t| w ith inner error bars representing 
sta tistical uncertainties and outer error bars displaying the sta tistical and system atic uncertainties 
added in quadrature . The result of the exponential fit described in the tex t is overlaid.
T h e  cross sec tio n  is show n d iffe ren tia lly  in  | t | in  figure 4 . To avoid  b ias in  th e  fit d u e  
to  th e  fa s t-fa llin g  n a tu re  o f th e  d is tr ib u tio n , th e  d a ta  p o in ts  a re  p lo tte d  a t  th e  average  
values o f | t | in  each  b in , as c a lc u la te d  from  th e  c o rre c ted  d a ta .  T h e  d iffe ren tia l cross 
sec tio n  is su b je c te d  to  a  fit o f th e  fo rm  d a / d t  a  eB t, w h ich  is overla id  on  th e  figure. 
T h e  q u a lity  o f th e  fit is a c c e p tab le  ( x 2 =  8.3 w ith  e ig h t deg rees o f freedom , co n sid e rin g  
s ta t is t ic a l  u n c e r ta in tie s  on ly ). T h e  re su lt is B  =  7.65 ±  0 .2 6 (s ta t.)  ±  0 .2 2 (sy st.)  G eV - 2 , 
w h ere  th e  c e n tra l v a lue  a n d  s ta t is t ic a l  u n c e r ta in ty  a re  o b ta in e d  by  f i t t in g  w ith  s ta t is t ic a l  
u n c e r ta in tie s  only, a n d  th e  sy s te m a tic  u n c e r ta in ty  is o b ta in e d  by  re p e a tin g  th e  fit s e p a ra te ly  
fo r each  sy s te m a tic  sh ift a n d  a d d in g  th e  re su ltin g  d e v ia tio n s  from  th e  c e n tra l v a lue  in 
q u a d ra tu re . T h e  m easu red  slope  p a ra m e te r  B  co rre sp o n d s  to  a  v a lue  averaged  over th e  
fiducia l £ ran g e , w ith  (log10 £) =  - 2 .8 8  ±  0.14, w h ere  th e  c e n tra l v a lue  is ta k e n  from  
th e  P y t h ia 8 A 3 tu n e  a n d  th e  u n c e r ta in ty  is defined  by  th e  d ifference from  th e  P y t h ia 8 
A2 tu n e . T h e  la rg es t c o n tr ib u tio n  to  th e  u n c e r ta in ty  in  B  arises from  th e  p ro to n  overlay  
b a c k g ro u n d  su b tra c tio n , w h ich  h as  b o th  a  s ta t is t ic a l  a n d  a  sy s te m a tic  co m p o n e n t. T h e  
re su lt is s ta b le  w ith  re sp ec t to  v a ria tio n s  o f th e  f i t te d  t  ran g e  a n d  is b ro a d ly  as e x p e c te d  
from  e x tra p o la tio n s  o f low er-energy  m e a su re m e n ts . I t  is c o m p a tib le  w ith  th e  p red ic tio n s  
o f 7.10 G e V -2  from  th e  D o n n ach ie -L an d sh o ff  flux  a n d  7.82 G e V -2  from  S ch u le r-S jo s tran d , 
c o n ta in e d  in  th e  P y t h ia 8 A3 a n d  A 2 tu n e s , a t  th e  1 .6 a  a n d  0 .5 a  levels, respective ly .
In  figure 5 , th e  cross sec tio n  is show n d iffe ren tia lly  in  lo g 10 £, as o b ta in e d  from  th e  
c h a rg ed  p a r tic le s  re c o n s tru c te d  in  th e  ID . F u lly  c o m p a tib le  re su lts  a re  o b ta in e d  w hen  
re c o n s tru c tin g  £ u sin g  A LFA , d e sp ite  th e  fa s t-d e te r io ra tin g  re so lu tio n  a t  sm all £ va lues an d  
co m p le te ly  d iffe ren t sy s te m a tic  effects. T h e  d a ta  a re  c o m p a tib le  w ith  b e in g  in d e p e n d e n t 
o f th is  v a riab le , c h a ra c te r is tic  o f th e  e x p e c te d  b e h a v io u r o f th e  cross sec tio n  ro u g h ly  as 
d a / d £  1 /£ . A  m ore  d e ta ile d  in te rp re ta t io n  o f th e  £ d e p e n d e n c e  is o b ta in e d  th ro u g h  a
fit to  th e  d a ta  in  th e  fram ew o rk  o f R egge phenom enology . A t a sy m p to tic a lly  la rg e  fixed 






F ig u re  5. The differential cross section as a function of log10 £. (a) D ata  in the  fiducial t  range, 
com pared w ith the  results of the  trip le Regge fit described in the  tex t. (b) ATLAS d a ta  extrapolated  
to  the  full t  range, com pared w ith a rapidity-gap-based CMS m easurem ent [15] th a t contains a small 
DD adm ixture (see tex t). The inner error bars represent only sta tistical uncertainties while the 
ou ter error bars display the com bination of sta tistical and system atic uncertainties in quadrature.
follow  th e  ‘tr ip le  R e g g e ’ fo rm  [1- 4 , 22 , 44],
d2d  / 1 \  2«(t)-1
d £ d t « ( 1 )  (M X  r (0)-1 e B0t
H ere , th e  firs t fa c to r  on  th e  r ig h t h a n d  side re p re se n ts  th e  p o m e ro n  flux  fac to r , th e  second 
fa c to r  co rre sp o n d s  to  th e  to ta l  p o m e ro n -p ro to n  cross sec tio n 4 a n d  th e  e x p o n e n tia l t  d e p e n ­
den ce  is e m p irica lly  m o tiv a te d , B 0 c h a ra c te r is in g  th e  sp a tia l  size o f th e  s c a tte r in g  p ro to n s . 
In te g ra t in g  over th e  fiducia l t  ran g e  o f th e  m e a su re m e n t b e tw een  tiow =  —0. 43 G eV 2 an d  
thigh =  —0.016 G eV 2 y ields a  p re d ic tio n  fo r th e  s ing le -d iffe ren tia l c ross sec tio n
d d  ( 1 \  a(0) eBthigh — eBtlow
«  ( ? )   — ' < 1a1)
w h ere  th e  t  d e p e n d e n c e  o f th e  p o m e ro n  t r a je c to ry  is a b so rb e d  in to  B  =  B 0 — 2 a ' ln  £ . In  
th is  ty p e  o f m odel, th e  £ d e p e n d en ce  th e re fo re  m easu res  th e  v alue  o f th e  p o m e ro n  in te rc e p t. 
A  fit o f th e  fo rm  o f eq. ( 10 .1) is ap p lied  to  th e  m easu red  £ d is tr ib u tio n  w ith  a (0 )  a n d  th e  
overa ll n o rm a lisa tio n  as free p a ra m e te rs . T h e  D o n n ach ie -L an d sh o ff v a lue  fo r th e  slope of 
th e  p o m e ro n  t r a je c to ry  a '  =  0.25 G eV -2  is ta k e n  fo r th e  c e n tra l value, w ith  a '  =  0 used  
to  d e te rm in e  th e  a sso c ia ted  u n c e rta in ty . T h is  fit, d isp lay ed  in  figure  5 (a), y ields a  value
4This M X -dependent term, deriving from Mueller’s generalisation of the optical theorem [22], is com­
monly treated differently, particularly in models that attem pt to make the link to partonic behaviour and 
QCD. For example in P y th ia8 , it is taken to be constant. Neglecting this contribution leads to a decrease 
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T a b le  1. The SD cross section w ithin the fiducial region ( -4 .0  <  log10 £ <  -1 .6  and 0.016 <  |t| <  
0 .4 3 GeV2) and ex trapolated  across all t  using the m easured slope param eter B . The system atic 
and sta tistical uncertainties are combined for data . The MC sta tistical uncertainties are negligible.
o f a (0 )  =  1.07 ±  0.02 ( s ta t .)  ±  0.06 (sy s t.)  ±  0.06 ( a ') .  T h e  la rg e s t sy s te m a tic  u n c e r ta in ­
tie s  a p a r t  from  th e  a '  a s su m p tio n  a rise  from  th e  u n fo ld ing , th e  h a d ro n isa tio n  u n c e r ta in ty  
a n d  th e  overlay  b a c k g ro u n d  s u b tra c tio n . T h is  re su lt is c o m p a tib le  w ith  p re d ic tio n s  u s­
ing  soft p o m e ro n  p h en o m en o lo g y  a n d  a ssu m in g  a  u n iv e rsa lity  b e tw een  to ta l ,  e la s tic , an d  
d iffrac tiv e  cross sec tio n s. I t  c a n  b e  co m p a re d  w ith  th e  p re d ic tio n s  o f 1.14 a n d  1.00 from  
th e  P y t h ia 8 A3 a n d  A2 tu n e s , respective ly , w h en  a p p ly in g  th e  tr ip le  R egge fo rm alism  
in  p lace  o f th e  d e fa u lt P y t h ia 8 m odel to  w h ich  th e  A3 in p u t v a lue  of 1.07 is ap p licab le . 
I t  is n o t po ssib le  to  co m p are  th e  e x tra c te d  a (0 )  a n d  B  p a ra m e te rs  w ith  p re d ic tio n s  from  
H e r w ig 7, since th e  £ d e p e n d en ce  of th e  B  slope h as  a  co m p lex  b e h a v io u r in  t h a t  m odel.
T h e re  a re  n o  p rev io u sly  p u b lish ed  L H C  re su lts  in  w h ich  th e  p u re  SD d iffe ren tia l cross 
sec tio n  is m easu red . H ow ever, th e  lo g 10 £ d e p e n d en ce  h as  b een  m easu red  by  th e  CM S 
C o lla b o ra tio n  a t  a/ s =  7 T eV  in  a n  an a ly s is  u sin g  th e  ra p id ity  g ap  te c h n iq u e  [15] w hich  
in c ludes th e  SD p ro cess  w ith  a  sm all D D  a d m ix tu re , sa tis fy in g  lo g 10 (M y /G e V )  <  0.5 
w h ere  M y  is th e  m ass of th e  u n o b se rv ed , low m ass, d is so c ia tin g  p ro to n . T h e  C M S ra p id ity  
g a p  a n d  A T L A S ta g g e d  p ro to n  re su lts  a re  co m p a re d  in  figure 5 (b ), a f te r  e x tra p o la t in g  th e  
A T L A S  re su lts  to  0 <  |t | <  to by  a p p ly in g  a  fa c to r  o f 1.18, e x tra c te d  u sin g  th e  m easu red  
slope  p a ra m e te r . T h e  tw o  an a ly ses  cover d iffe ren t b u t  o v erlap p in g  £ reg ions, w ith  good  
ag reem en t in  th e  o v erlap  reg ion  w ith o u t s u b tra c t in g  an y  D D  c o n tr ib u tio n  from  th e  CM S 
re su lts  o r a c c o u n tin g  for th e  d ifference be tw een  th e  cen tre -o f-m ass energ ies.
T h e  cross sec tio n  in te g ra te d  over th e  full fiducia l ra n g e  o f th e  an a ly sis , - 4 .0  <  lo g 10 £ <  
- 1 .6  a n d  0.016 <  |t | <  0.43 G eV 2, is 1.59 ±  0.03 ( s ta t .)  ±  0.13 (sy st.)  m b, w ith  th e  la rg es t 
c o n tr ib u tio n  to  th e  u n c e r ta in ty  a ris in g  from  th e  p ro to n  overlay  s u b tra c tio n . E x tra p o la t in g  
to  th e  fu ll t  ran g e  a ssu m in g  th e  m easu red  slope  p a ra m e te r  B  leads to  a  cross sec tio n  
o f 1.88 ±  0.15 m b in te g ra te d  over - 4 .0  <  lo g 10 £ <  - 1 .6 ,  w ith  s ta t is t ic a l  a n d  sy s te m a tic  
u n c e r ta in tie s  com bined . T h e  cross sec tio n s befo re  a n d  a f te r  th is  e x tra p o la t io n  a re  co m p ared  
w ith  p re d ic tio n s  from  th e  M C  m odels in  ta b le  1.
T h e  b e h a v io u r  o f th e  SD cross sec tio n  a t  £ values b ey o n d  th e  m easu red  reg ion  is n o t 
y e t well c o n s tra in e d  by  L H C  d a ta ,  a n d  p h en o m en o lo g ica l m odels p re d ic t a d d itio n a l te rm s  
a t  b o th  e x tre m e s  (e.g. invo lv ing  su b -lead in g  exchanges in  th e  R egge case). I t  is th e re fo re  
n o t po ssib le  to  m ake a  re liab le  a ssessm en t o f th e  u n c e r ta in tie s  in h e re n t in  e x tra p o la t in g  
to  a  fu ll SD cross sec tio n . H ow ever, an  e s tim a te  o f th e  co rre sp o n d in g  p a ra m e te r  in  th e





P y t h ia 8 m odel ca n  be  o b ta in e d , a ssu m in g  th a t  th e  excess of M C  over d a ta  in  th e  fiducial 
reg ion  s tu d ie d  p e rs is ts  th ro u g h o u t th e  full k in e m a tic  range . S ince th e  m e a su re m e n t o f a (0 )  
lies m idw ay  b e tw een  th e  p re d ic tio n s  o f th e  A3 a n d  A2 tu n e s  o f P y t h ia 8, th e  e s tim a te  is 
o b ta in e d  by  sca lin g  th e  m easu red  fiducia l cross sec tio n  by  th e  av erag e  o f th e  e x tra p o la tio n  
fa c to rs  p re d ic te d  by  th e  tw o  tu n e s . T h e  to ta l  SD cro ss-sec tio n  p a ra m e te r  in  th e  P y t h ia 8 
m o d e l th e n  d ecreases  from  12.5 m b  to  6.6 m b.
11 Sum m ary
A  d e ta ile d  s tu d y  is p e rfo rm ed  o f th e  d y n am ics  of th e  inc lusive  sing le -d iffrac tive  d isso c ia tio n  
p ro cess  pp  ^  X p  a t  a /s  =  8 T eV  usin g  th e  A T L A S d e te c to r  a t  th e  L H C . U nlike  in  p rev io u s 
re la te d  an a ly ses , th e  f in a l-s ta te  p ro to n s  a re  re c o n s tru c te d  d irec tly , u sin g  th e  A L FA  fo rw ard  
s p e c tro m e te r . D iffe ren tia l cross sec tio n s a re  m e asu red  as a  fu n c tio n  of th e  fra c tio n a l p ro to n  
en e rg y  loss £, th e  sq u a re d  fo u r-m o m e n tu m  tra n s fe r  t , a n d  th e  size A n  o f th e  p se u d o ra p id ­
ity  in te rv a l o n  th e  sam e side o f th e  in te ra c tio n  p o in t as th e  in ta c t  p ro to n  e x te n d in g  from  
n =  ± 2 .5  to  th e  c losest ch a rg ed  p a r tic le  w ith  sm alle r |n | a n d  p T >  200 M eV . T h e  fiducial 
ra n g e  of th e  m e a su re m e n t is - 4 .0  <  lo g 10 £ <  - 1 .6  a n d  0.016 <  |t | <  0.43 G eV 2. F or 
g a p  sizes b e tw een  a p p ro x im a te ly  1.5 a n d  3.5, th e  cross sec tio n  d iffe ren tia l in  A n  e x h ib its  
th e  p la te a u  th a t  is c h a ra c te r is tic  of ra p id ity  g ap  d is tr ib u tio n s  in  soft d iffrac tiv e  p rocesses. 
T h e re  a re  d e v ia tio n s  from  th e  p la te a u  a t  la rg e r a n d  sm alle r g ap  sizes d u e  to  th e  defi­
n itio n  o f th e  ob se rv ab le  a n d  th e  acc e p tan c e . T h e  cross sec tio n  d iffe ren tia l in  t  is well 
d e sc rib ed  by  a n  e x p o n e n tia l b eh av io u r, d a / d t  a  e B t w ith  th e  slope  p a ra m e te r  m easu red  
to  b e  B  =  7.65 ±  0.34 G eV - 2 , c o n s is te n t w ith  e x p e c ta tio n s  a n d  w ith  e x tra p o la tio n s  from  
low er-energy  m e a su re m e n ts . T h e  v a riab le  £ is re c o n s tru c te d  u sin g  tw o  c o m p le m e n ta ry  
m e th o d s , b ased  o n  e ith e r  th e  sc a tte re d  p ro to n  in  A L FA  o r th e  tra c k s  in  th e  ID . T h e  ID - 
tra c k -b a se d  m e a su re m e n t is a d o p te d  a n d  th e  s ta n d a rd  tr ip le  p o m e ro n  a p p ro a c h  o f R egge 
p h en o m en o lo g y  is used  to  d e sc rib e  th e  d a ta  in  te rm s  o f a  p o m ero n  t r a je c to ry  w ith  in te rc e p t 
a (0 )  =  1.07 ±  0.09, in  go o d  a g reem en t w ith  p rev io u s values from  A T L A S a n d  elsew here. 
T h e  m e asu red  cross sec tio n  in te g ra te d  over th e  fiducia l reg ion  a m o u n ts  to  1.59 ±  0.13 m b. 
T h is  is s u b s ta n tia lly  sm alle r th a n  is p re d ic te d  in  th e  tu n e s  o f P y t h i a 8  an d , p a rtic u la rly , 
H e r w ig 7  th a t  w ere used  in  th e  analysis .
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